Introduction
The importance of image-based deformation measurements of soft tissues in order to avoid local stress concentrations and local deformations has long been recognized (Yin et al., 1972; Lanir and Fung, 1974) . Protocols in the cardiac biomechanics field routinely employ optical deformation measurements (Fronek et al., 1976) . However, such an approach has not yet been applied in the characterization of vocal fold tissues. In our recent work, the digital image correlation method was applied to characterize tissue deformation at one time point in a tensile stretch-relaxation experiment (Kelleher et al., 2010) . This study indicated that the applied tensile deformation was significantly larger than the deformation of the tissue itself. How such discrepancies might affect the mechanical characteristics of the tissue under a sequence of stretch cycles remains unknown. Therefore, we hypothesized that the true deformation of a vocal fold tissue specimen would differ from the deformation applied by the stretch-release apparatus; hence, the tissue biomechanical properties would be different from what has been reported in the past.
Biomechanical experiments of vocal fold tissues began by simply hanging weights on specimens and measuring the displacements visually (Kakita et al., 1981) . This technique was unable to produce a stress-stretch curve accounting for nonlinearity and only order-of-magnitude estimations of the elastic modulus were obtained. A more precise in vitro experimental apparatus was developed using servo-motors to apply displacements to specimens held in a physiological solution (Perlman and Titze, 1988) . Throughout the past 20 years, this method has been followed by many studies on various laryngeal tissues (Perlman et al., 1984; Alipour-Haghighi and Titze, 1985 , 1987 , 1991 , 1999 Perlman and Titze, 1988; Perlman and Alipour-Haghighi, 1988; Alipour-Haghighi et al., 1989 , 2011 , Min et al., 1995 Zhang et al., 2006 Zhang et al., , 2007 Zhang et al., , 2009 Chan et al., 2007; Hunter and Titze, 2007; Riede et al., 2010) .
In vivo indentation-type loading was applied by Berke and Smith (1992) and Tran et al. (1993) . A force gage was brought into slight contact with the vocal fold; the recurrent laryngeal nerve was stimulated with electric current causing vocal fold adduction and deflecting the gage. From force-deflection data and known areas of contact, the elastic modulus was estimated. In a laryngeal tensiometer a probe is attached to the vocal fold via a pin, suction, or adhesion, applying a shear or an indentation force from which the elastic spring rate and a shear modulus were determined (Goodyer et al., , 2007 . However, complications exist with the quantitative determination of biomechanical properties as calculations of moduli based on average bearing stresses are unreliable and adhesion of the probe is difficult to ensure on the moist tissue surfaces. Also, such device do not distinguish between the various layers of the vocal fold-an important aspect for phonosurgeons and tissue engineers creating biomaterials and implants for vocal fold reconstruction (Kutty and Webb, 2009 ). In vivo non-contact methods based on ultrasound (Hsiao et al., 2002) , air pulse stimulation (Hertegård et al., 2009) , and high speed video (HSV) techniques (Döllinger et al., 2002; Tao et al., 2007; Qin et al., 2009 ) have been proposed. The ultrasound method must assume a model (e.g., string or beam model) a priori, and allows for the calculation of moduli based upon measured deformation and the frequency of vibration. For HSV techniques the compact nature of these models is often overshadowed by their need for numerous biomechanical tissue parameters in the lumped mass models underpinning the method. HSV studies (e.g., Döllinger et al., 2002; Tao et al., 2007; Qin et al., 2009 ) and some experimental studies of laryngeal tissues (Goodyer et al., , 2007 have reported values in terms of stiffness (force/length and structural damping) rather than standard mechanics terminology such as elastic moduli. Such characteristics are difficult to compare to other true moduli.
Materials and methods

Experiments
Tissue specimens isolated from the excised larynges of three male human cadaveric subjects were considered (Table 1) . For each subject, one vocal ligament specimen and the contralateral vocal fold cover specimen were tested.
1 Following the protocol of Chan et al. (2007) , the cover and ligament specimens were dissected with instruments for phonomicrosurgery, separated from the underlying muscle and immediately placed in phosphate buffered saline (PBS). Fig. 1 shows schematic drawings of the relevant anatomical structures. 3--0 nylon sutures 2 were inserted through the center of the arytenoid cartilage and the center of the thyroid cartilage both naturally attached to the vocal ligament or cover specimens. The suture inserted through the thyroid cartilage section was connected to the actuator (lever arm) of a servo-controlled lever system, 3 while the suture inserted through the arytenoid cartilage section was connected to the support. Fig. 2 depicts the experimental setup. The lever system was under displacement feedback control, and was connected to a function generator and an oscilloscope to monitor the displacement input. The tensile force response of the specimen was detected by the lever system, digitized at 500 samples/s and output for further analysis. The applied displacement was sinusoidal at 1 Hz with an amplitude of 3-5 mm, depending upon the initial, resting vocal fold length L 0 . The tensile test was conducted for 300 cycles. A monochrome CCD camera 4 (pixel size of 9.9 Â 9.9 mm 2 , maximum frame rate of 75 fps) together with a macro-lens 5 was used to capture images continuously during the experiment. A level was used to ensure that the optical path of the camera was perpendicular to the specimen axis. A traceable speckle pattern was applied by applying (1) a spray-on cosmetic foundation sparingly to the moist tissue, and (2) black ink dots with a fine tipped paint brush onto the cosmetic foundation. The foundation inhibited fading of the ink on the moist tissue. This procedure resulted in a covering of the tissue with a discontinuous speckle pattern such that specimen stiffness and moisture ingress were not disturbed. During the experiments, specimens were kept in air to avoid optical distortions related to a glass chamber with physiological solution as well as dissolution of the ink. Instead, specimens were hydrated periodically by dripping PBS onto the thyroid cartilage. Displacements of points on the specimen surface were obtained from image sequences via digital image correlation functions of the Image Processing Toolbox TM of MATLAB s (The MathWorks, Inc., Natick, MA, 2010). Distance measurements were calibrated by taking an image of an object of known dimensions to establish a pixel-to-mm ratio. Details of the software script are provided in the online Supplemental data.
Analytical
The nominal stress in the tissue, s¼F/A 0 , was determined from the force output from the load cell F and the average cross-section area A 0 in the undeformed state. The tissue specimen was assumed to have circular crosssections. A second CCD camera, offset by approximately 301 to the first, confirmed the circular cross-sections to be a reasonable assumption. The cross-sectional diameter D 0 was determined from specimen images as the average of ten diameter measurements at equidistant axial locations. The initial, undeformed length L 0 of the tissue specimen, defined as the vocal fold mounting length from the vocal process to the anterior commissure, was measured with digital calipers once the specimen was positioned in the experimental apparatus (Table 1) . Under the standard assumption of rigid cartilages (arytenoid and thyroid), the elongation e of the tissue is assumed to be equal to the displacement applied by the lever arm, e¼u L . Then, the stretch of the tissue specimen based on the lever arm l L is
The elongation of the tissue specimen was also determined from the optically measured displacements, u 1 ,u 2 , of two points -one located at the vocal process and one at the anterior commissure -as e¼ u 1 À u 2 . The stretch based on imaging l I is then
The deformation of vocal fold tissues can be characterized well by a hyperelastic, large strain constitutive model (Zhang et al., 2006 . In a firstorder, incompressible Ogden model (Ogden, 1972 ) the stress-stretch relationship under uniaxial loading is
with E being the initial longitudinal elastic modulus, a a real number characteristic of the nonlinearity of the tissue response, and l either l L or l I depending on the approach. The stress-stretch equilibrium response, estimated as the midpoint values of the loading and unloading portions of the hysteresis loop was fitted to Eq. (3) by the Levenberg-Marquardt nonlinear least-squares optimization algorithm (Levenberg, 1944; Marquardt, 1963) .
Results
All vocal fold tissue specimens exhibited a time dependent response with the stress at maximum applied stretch declining continuously with the number of applied load cycles, consistent with previous observations (Zhang et al., 2009) . No ''stabilized state'' was apparently reached. From cycles N ¼ 1 to 300, the average peak stress decayed by 20% (see Table A1 in the online Supplemental data). The detailed analysis of the tissue specimens was conducted for cycle N¼ 55 where the peak stress had experienced on average 63% of the total decay. The 55th cycle was also chosen because it provided a high image frame rate for all specimens.
The reasons for the differences between l I and l L are apparent in Fig. 3 . Both the thyroid and arytenoid cartilages were found to deform considerably. On average, the collective elongation of the cartilages (thyroid and arytenoid) contributed approximately 30% of the total applied displacement (Table 2) . Clearly, the cartilages should not be considered as rigid bodies. Furthermore, suture alignment, and tightening of the suture loop along with some amount of specimen rotation was observed (characterized as u other in Table 2 ). These processes take up between 34% and 57% of the applied displacement. However, the elongation of the sutures themselves in the suture loop (e s ) is negligible as
.2 mm for 3-0 sutures, and E¼2000 MPa for nylon sutures (Holmlund, 1976; García Pá ez et al., 1996) . Fig. 3 depicts the two specimens (ligament and cover) of subject C at l¼1 and l max , and the corresponding stress-stretch curves are given in Fig. 4 . The stress-stretch curves based on displacements from the lever arm, s-l L , and from the image sequences, s-l I , respectively, displayed qualitatively similar shapes. However, l L was considerably larger than l I for both the cover and the ligament. The parameters of the Ogden model were determined for fits to the s-l L and s-l I curves as (E L ,a L ) and (E I ,a I ), respectively (Table 3 ). The tissue longitudinal elastic modulus obtained from the imaging protocol, E I , was prominently larger than that obtained from the lever arm displacement, E L .
Similarly, the degree of nonlinearity of the s-l curves was substantially greater when based on the imaging data, a I 4a L . The correction factors, C E ¼E I /E L and C a ¼a I /a L , provide a quantitative comparison among the Ogden model parameters derived from the two approaches (Table 3) .
Discussion
Experiments
Using a standard in vitro tensile test on human vocal fold tissues (Perlman et al., 1984; Alipour-Haghighi and Titze, 1985 , 1987 , 1991 , 1999 Perlman and Titze, 1988; Perlman and Alipour-Haghighi, 1988; Alipour-Haghighi et al., 1989 , 2011 Min et al., 1995; Zhang et al., 2006 Zhang et al., , 2007 Zhang et al., , 2009 Chan et al., 2007; Hunter and Titze, 2007; Riede et al., 2010) , the longitudinal elastic modulus of the low-stretch, linear regime has been found to be around 10-30 kPa for the vocal ligament (Min et al., 1995; Chan et al., 2007) and 5-20 kPa for the vocal fold cover (Zhang et al., 2006; Chan et al., 2007) . The degree of nonlinearity of the vocal fold cover ranges from 14.4 to 19.5 for elderly subjects (Zhang et al., 2006) . The values for E L and a L obtained in the present study are well within the range of values reported in earlier studies. However, it was found that the lever arm data consistently overestimated the tissue deformation. Hence, the elastic moduli (E I ) and the degree of nonlinearity (a I ) derived from stretch data based on the image sequences were substantially higher. The 55th cycle was chosen as a representative stretch cycle. The Ogden parameters would quantitatively vary depending upon the cycle number N due to the peak stress decay; however, the qualitative results and conclusions would remain the same.
The present values for C E and C a are preliminary and should be used with caution. These correction factors may be dependent on a number of variables that are not yet well defined and understood, such as the details of the dissection process, the suturing technique, postmortem hours, and age and gender of the tissue specimens. According to the present findings, previous results may have underestimated the longitudinal elastic modulus of the vocal fold cover approximately by a factor of five and the degree of nonlinearity by a factor of three. Still, the present study was based only on a limited number of specimens. The suturing technique and mounting was also partially responsible for the differences in l L and l I . A single suture connected to the lever arm (as in Chan et al., 2007) , may avoid suture slack more readily, but was found to lead to more undesired specimen rotation during testing. The looped suture arrangement employed here was observed to minimize specimen rotation. One feasible solution may be to clamp the cartilages, e.g., Riede et al. (2010) substituted the suture in the arytenoid cartilage with a clamp. The use of optical methods to measure the actual tissue deformation, however, largely eliminated the negative influence of any cartilage deformation and suturing techniques on the measurement accuracy of specimen elongation. Potential errors existing in the proposed technique are described in detail in the Supplemental data online. These errors are not estimated to alter the finding of a significant difference between the lever arm based data and the optical measurements.
The percentage of the lever arm displacement that was not found in the specimen (Table 2 ) was large. However, the Ogden model parameters based upon stretch values calculated from the lever arm displacements are within the 95% confidence interval of those calculated in previous studies with a similar protocol (Zhang et al., 2006) . Thus, one can speculate that there may have been a considerable portion of the lever arm displacement occurring outside the specimen in all previous investigations, Table 3 Ogden model parameters (with the means and standard deviations, S.D.) based on the images and the lever arm are tabulated with the corresponding R-squared values representing the goodness of fit. C E and C a are correction factors defined as
Subject Specimen Images
Lever arm most likely due to suture-related effects. For an in-depth analysis of the suture-related displacements, see the Supplemental data online.
Analytical
If corroborated in future studies, the present findings could have significant implications for phonatory mechanics. Considering vocal fold vibration to emerge from a beam vibration-type mode of deformation, the Euler-Bernoulli beam theory predicts the fundamental frequency of vibration for a simply supported beam with circular cross-sections of diameter D 0 as
where r is the density (r¼1040 kg/m 3 ), and L 0 is the length of the vocal fold. However, the fundamental frequency of phonation F 0 should be considered to depend also on tissue anisotropy (i.e. either the ratio of longitudinal elastic modulus to transverse elastic modulus, or the ratio of longitudinal elastic modulus to longitudinal shear modulus) (Kelleher et al., 2010) , similar to findings for engineering solids (Dudek, 1970; Larsson, 1991; Ekel'chik, 2007) . Histological studies of the vocal ligament have shown a strong alignment of collagen fibers in the anteriorposterior direction (Hirano et al., 1982; Ishii et al., 1996; Gray et al., 2000; Madruga de Melo et al., 2003) . Studies on the transverse shear modulus G T of vocal fold tissues have reported values in the range 0.1-3.5 kPa with an average around 1 kPa at phonatory frequencies (Goodyer et al., 2007; Chan and Rodriguez, 2008) . As no experimental data for the longitudinal shear modulus G L exists, micromechanical material models lead to the conclusion that for a material with perfectly aligned fibers G L would be less than G T (Clyne and Withers, 1993; Daniel and Ishai, 2006) . Thus, if it is assumed that G L E G T E 1 kPa, a conservative estimate of the anisotropy can be obtained. Based on the average longitudinal elastic moduli obtained in this study (Table 3) anisotropy ratios (E/G L ) may be greater than 50 for both the ligament and the cover. At such high levels of anisotropy, transverse shear deformation would be pronounced and Timoshenko's beam theory is then appropriate. Solving the frequency equations in this framework is complex and in some cases they cannot be solved explicitly. If one neglects terms coupling the transverse shear and rotatory inertia an approximation can be made which is still highly accurate for frequency predictions (Egle, 1969) . Then, the fundamental frequency for a simply supported beam is
where z¼(pD 0 ) 2 /(4L 0 ) 2 and the transverse shear coefficient, k ¼ 0.9643, for an incompressible beam with circular crosssections (Hutchinson, 2001) . Results based on the current average data for L 0 , D 0 from Table 1 are displayed in Fig. 5 . For the vocal ligament and the vocal fold cover, F 0 , EB are predicted to be 234 and 254 Hz, respectively. With the present values of elastic moduli, values of F 0 , EB are much higher than the normal F 0 range of human speech, typically around 100-165 Hz for adult males (Titze, 2000) . Once the anisotropy was considered (E/G L ¼61 for the ligament and E/G L ¼89 for the cover), F 0 significantly decreased to a more physiologically relevant range of phonation, 143 and 155 Hz for the ligament and the cover, respectively. A sensitivity analysis was conducted for the model predictions. The sensitivity of predicted F 0 values to changes in E can be deduced from Fig. 5 . Assuming G L as constant and changing E by 720% results in less than 7% change to F 0 . Clearly, the representation of vocal folds as simply-supported beams is a simplification. Nevertheless, the Timoshenko beam model succinctly shows the influences of anisotropy and small length-tothickness ratios on the fundamental frequency of phonation. An improved model should also include the thyroarytenoid muscle and its stiffening influence represented as a foundation in the beam model.
The current findings may also have implications for the design and bioengineering of functional tissue replacements for the surgical repair of vocal fold lamina propria defects, such as scarring and atrophy. Tissue engineering scaffolds and bioimplants for the vocal fold cover and the vocal ligament may need to demonstrate a considerable level of tissue anisotropy, such that the repaired vocal folds could achieve a satisfactory range of fundamental frequency during phonation. To provide better functional guidelines and design criteria, further studies are warranted to quantify the vocal fold tissue anisotropy in terms of modulus ratios, such as the longitudinal elastic modulus to longitudinal shear modulus ratio (E/G L ).
Conclusion
Uniaxial tensile tests were performed on the vocal fold lamina propria of three human excised larynges. A CCD camera was used to capture images of the deformation throughout the load cycles and subsequently the stretch history was recovered from analyzing the images. In future work the image-based deformation measurement should be combined with the controls of the stretch-stress apparatus to also ensure appropriate control of the stretch rate. A prominent difference was found between the applied displacement and the deformation of the specimen calculated from the images. Consequently, the vocal fold lamina propria appeared to demonstrate a substantially higher elastic stiffness than previously reported, with the new data indicating the possibility that previous studies might have underestimated the elastic modulus by a factor of approximately five. With the new data on the elastic moduli, the classic Euler-Bernoulli beam theory would predict fundamental frequencies outside the range of normal human phonation. Yet it was also shown that the Timoshenko beam theory could reconcile the predicted frequency ranges with actual phonation data. This beam theory appears extremely relevant for human phonation due to the small length to thickness ratio and the potentially high degree of tissue anisotropy of the vocal folds. Such a beam model is slightly more complex but would yield much insight into the mechanics of phonation. If axial strains and transverse shear are both present simultaneously, vocal fold posturing would possess two degrees of freedom. How the control of fundamental frequency can occur in such a scenario is a subject of future research.
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